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We report an experimental demonstration of sub-wavelength interference without correlation.
Typically, people can achieve sub-wavelength effect with correlation measurement no matter by
using bi-photon or thermal light sources. Here we adopt a thermal light source. And we count the
realizations in which the intensities of the definite symmetric points are above or below a certain
threshold. The distribution of numbers of these realizations who satisfy the restriction will show
a sub-wavelength effect. With proper constrictions, positive and negative interference patterns are
demonstrated.
PACS numbers: 42.50.St, 42.50.Ar, 42.25.Hz
Since the first demonstration of correlation imaging
and interference with entangled source[1, 2], correlation
has been a hot topic in the area of imaging. To achieve
a high qualified image, a lot of schemes are explored[3–
13]. Beside imaging, interference is widely discussed with
correlation method[14–19]. Among all the correlation ef-
fects, sub-wavelength effect has attracted more attention
because this effect can break the limit of diffraction[20–
22], that means the resolution can be improved by a fac-
tor of 2 in theory. However, the sub-wavelength must be
achieved by coincidence measurement with two-photon
source or correlation measurement with thermal field, i.e.
second-order correlation. Is it necessary to achieve sub-
wavelength effect by second order correlation?
In this paper, we demonstrate a scheme to show sub-
wavelength interference without correlation. The setup is
depicted in Fig. 1. A He-Ne laser beam with wavelength
λ = 632.8 nm impinges on a slowly rotating ground glass
with a rotation frequency of 2 × 10−3Hz to form the
pseudo-thermal light source. A double-slit(150µm width
and 300µm separation, center to center) is placed di-
rectly after the ground glass. The light will be recorded
by a charge-coupled device (CCD, whose output is from
0 to 255) camera. In our experiment, the laser beam has
a diameter of 3mm on the ground glass. The distances
from the double-slit to the CCD is 40 cm. And 10000
realizations are adopted.
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FIG. 1: (Color online) Experimental setup. A laser beam
passes through a rotating ground glass to generate pseudo-
thermal light. A double-slit is placed after the ground glass. A
CCD camera will record the speckles scatted from the double-
slit.
If we mark the intensity of position x on CCD plane as
I(x), and we calculate the intensity correlation between
a fixed position x0 and the whole plane, then a classical
diffraction pattern can be observed, like
g(2)cc (x) =
〈I(x0)I(x)〉
〈I(x0)〉〈I(x)〉
= 1 +
〈∆I(x0)∆I(x)〉
〈I(x0)〉〈I(x)〉
, (1)
where 〈·〉 means ensemble average, and ∆I = I − 〈I〉.
When the correlation is between opposite directions,
i.e. x and −x, a sub-wavelength effect appears
g
(2)
sub(x) =
〈I(x)I(−x)〉
〈I(x)〉〈I(−x)〉
= 1 +
〈∆I(x)∆I(−x)〉
〈I(x)〉〈I(−x)〉
. (2)
Because of the background in the above two correlations,
the contrast has a maximum of 1/3 in theory.
It seems widely known that sub-wavelength effect can
be observed in correlation. However, we will show be-
low that, without correlation, we still can find this ef-
fect. To avoid the complexity in statistical theory, here
we choose an ideal and simple model to explain this
effect qualitatively. We assume that the light passes
through the double slit with equal intensities and gen-
erate random centered interference fringes as shown in
Fig. 2. The modal can be like this, for each realiza-
tion there is a random phase φ in the upper slit and
the diffraction fringes will shift randomly. Here we can
assume that the phase φ has a distribution between 0
and 2pi. Apparently, we can write the fringe distribution
as I(x˜, φ) = cos(x˜+φ)+12 = cos
2( x˜+φ2 ). Here x˜ = 2pi
x
Λ
is the normalized position and Λ is the period of classi-
cal diffraction fringes. For simplicity, we normalized the
maximum value of I to 1. When we consider the in-
tensities of symmetric positions (x˜ and −x˜) above some
threshold value Ith, that is
I(x˜, φ) = cos2(
x˜ + φ
2
) ≥ Ith,
I(−x˜, φ) = cos2(
−x˜+ φ
2
) ≥ Ith. (3)
2This means that the probability of both the two inten-
sities above Ith is the weight of φ which make Eq. (3)
satisfied. We know the period of the fringe of intensity
is 2pi, and now let us consider the period of the distri-
bution of symmetric positions. From the experimental
results we can find that the periods of them are half of
the period of intensity diffraction pattern. Here we give a
simple explanation. When we set x˜ = x˜′+pi, we will have
I(x˜, φ) = cos2( x˜
′+φ+pi
2 ) and I(−x˜, φ) = cos
2(−x˜
′+φ−pi
2 ).
If we set φ′ = φ + pi, we have I(x˜, φ) = cos2( x˜
′+φ′
2 ) =
I(x˜′, φ′) and I(−x˜, φ) = cos2(−x˜
′+φ′−2pi
2 ) = I(−x˜
′, φ′).
So pi is the period of the distribution for the symmetric
positions. Apparently, it is half of the period for classical
diffraction fringes.
*
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FIG. 2: (Color online) Sketch of the random phase interfer-
ence model. The intensities from the two slits are assumed
equal and the phase of light from upper slit is random.
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FIG. 3: (Color online) Interference curves for different phase
differences. Black dash line is the interference curve for φ = 0.
Red dash and real lines demonstrate the range of intensity of
red spot above the threshold intensity. Blue dashed and real
lines demonstrate the range of intensity of blue spot above
the threshold intensity.
In Fig. 3, we give a detailed analysis when the two sym-
metric intensities are above the threshold intensity Ith.
For other situations, the analysis is similar. As shown
in Fig. 3, the two symmetric positions x˜′ and −x˜′ are
marked as red spots and blue spots, respectively. The
threshold intensity Ith is marked as the horizontal dashed
line. The black dashed line demonstrates the diffrac-
tion curve for φ = 0. When it is shift from φ = φr1
to φ = φr2, the intensity of position red spot(x˜′) will
above Ith. So, Φr is the range which make the first equa-
tion in Eq. (3) satisfied. It is not hard to find out that
φr1 = x˜′−cos
−1(2Ith−1) and φr2 = x˜′+cos
−1(2Ith−1),
where cos−1 is an inverse trigonometric functions. Sim-
ilarly, we can find the range Φb for the blue spot po-
sition. So, the widthes of Φr and Φb are same, i.e.
2 cos−1(2Ith − 1), which we marked as Φth. The over-
lap between Φr and Φb, marked as Φ (0 ≤ Φ ≤ 2pi), is
the phase range which make Eq. (3) satisfied. It is not
hard to conclude that when Ith is increased the range
of Φ will be smaller and the visibility will increase. For
this simple model, we can give an approximate expression
about the visibility as 1 for 0 < Φth ≤ pi, and
2pi−Φth
3Φth−2pi
for pi < Φth ≤ 2pi . However, our experimental source
is definitely different from this ideal modal. This model
will give a homogeneous distribution when we check the
intensities of a certain pixel on the camera. But, the in-
tensities have a similar negative exponential probability
distribution, as shown in Fig. 4. Although the analytical
formula is not precise for our experiment, the conclusion
about the visibility is agree with our experimental results
qualitatively as shown in Figs. 6(a-d).
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FIG. 4: (Color online) Intensity statistical distribution.
Figure 5 depicts out experimental results. Left column
is the 2-D results and right column show the correspond-
ing cross section results. Fig. 5(a) is the normalized sec-
ond order correlation between a fixed position (center)
and the whole plane. The results, as expected, demon-
strate the classical diffraction patterns. Fig. 5(b) is the
sub-wavelength correlation, and we can find that the
width of the fringe is a half of the width of the fringe
in Fig. 5(a). These results are well known over ten years.
The last three rows are the results when we group the
realizations. We count the realizations when the intensi-
ties of symmetric positions (x and −x) above the aver-
age intensity, and the results are shown in Fig. 5(c). We
can find that the distribution of the fringe is nearly the
same as Fig. 5(b), if we ignore the difference of amplitude.
Similarly, the realizations for the intensities of x and −x
below the average intensity are shown in Fig. 5(d). We
can notice that we also get positive fringes. This is be-
cause the intensities on peak positions are synchronism.
Fig. 5(e) shows the negative fringes when we set the in-
3tensity of x bigger than the average intensity and the
intensity of −x smaller than the average intensity.
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FIG. 5: (Color online) Experimental results. Left column is
the 2-D results and right column show the corresponding cross
section results. In the right column, open circles are experi-
mental results and solid curves are theoretical fitting. (a) is
the normalized second order correlation between a fixed posi-
tion (center) and the whole plane. (b) is the sub-wavelength
correlation. The labels of Y-axis for (a) and (b) are marked as
g(2)(x). (c) is the realizations when intensities of symmetric
positions (x and −x) above the average intensity. Similarly,
the realizations for the intensities of x and −x below the av-
erage intensity are shown in (d). (e) shows a negative fringe
when we set the intensity of x bigger than the average inten-
sity and the intensity of −x smaller than the average intensity.
The labels of Y-axis for (c)-(e) are marked as Realizations.
We have demonstrated the sub-wavelength pattern
without correlation. Next we will explore the visibil-
ity of the fringes qualitatively. In the experiment, we
take 10000 realizations and the average intensity is about
34 (arbitrary unit). The details are shown in figure 6.
Figs. 6(a)-(d) are the results for the situation of intensi-
ties of symmetric positions greater than 20, 34, 60 and
100, respectively. And the visibility are 0.34, 0.49, 0.72
and 0.94, respectively. Here the visibility is defined as
(rmax − rmin)/(rmax + rmin), and r is the realizations.
Similarly, when the intensities of symmetric positions
are smaller than 20, 34, 60 and 100, the correspond-
ing curves are shown in Figs. 6(e)-(h), and the visibility
are 0.39, 0.25, 0.12 and 0.033, respectively. We can find
that when the threshold is higher the visibility becomes
greater for intensities of symmetric positions greater than
the thresholds. Inversely for the situation of intensities
of symmetric positions smaller than the thresholds, when
the threshold is higher the visibility is lower.
In summary, we experimentally study the sub-
wavelength effect without correlation. We sort the real-
izations according the intensities of the symmetrical posi-
tions above or bellow some threshold, and we can get pos-
itive and also negative patterns. We also notice that Wu’s
and Shih’s groups finished positive and negative imag-
ing by sort the speckles patterns and accumulating them
[23–25]. However, their results are still intensity distribu-
tion. Recently, Wu’s group demonstrated an experiment
about sub-wavelength diffraction with thermal light[26].
Their result is based on the second-order correlation. Un-
3000
5000
2000
4000
1500
3500
R
ea
liz
at
io
ns
-1 -0.5 0 0.5 1
3500
5500
R
ea
liz
at
io
ns
500
1500
<60
6500
7500
-1 -0.5 0 0.5 1
x/mm
0
500
-1 -0.5 0 0.5 1
x/mm
9000
9500
(b)
(c)
(d)
(a) (e)
(h)
(g)
(f)
FIG. 6: (Color online) Experimental results . Left column and
right column show the results for the situation of intensities of
symmetric positions bigger and smaller than the thresholds,
respectively. From top to bottom, the thresholds are set to
20, 34, 60 and 100, respectively. The visibility are 0.34, 0.49,
0.72 and 0.94 for (a)-(d), respectively. The visibility are 0.39,
0.25, 0.12 and 0.033 for (e)-(h), respectively.
til now, to our knowledge, all the sub-wavelength effect
are based on correlation, but our results show that cor-
relation calculation is not necessary for sub-wavelength
effect. We wish our results can deepen the understanding
of sub-wavelength effect, and find some potential appli-
cations in image processing and signal processing.
This work was supported by the National Natural Sci-
ence Foundation of China (Grant No. 11304016).
∗ Electronic address: dzcao@ytu.edu.cn
† Electronic address: songxinbing@bit.edu.cn
[1] T. B. Pittman, Y. H. Shih, D. V. Strekalov, and A.
V. Sergienko, Optical imaging by means of two-photon
quantum entanglement, Phys. Rev. A 52, R3429 (1995).
[2] D. V. Strekalov, A. V. Sergienko, D. N. Klyshko, and Y.
H. Shih, Observation of Two-Photon Ghost Interference
and Diffraction, Phys. Rev. Lett. 74,3600 (1995).
[3] R. S. Bennink, S. J. Bentley, and R. W. Boyd, Two-
photon coincidence imaging with a classical source. Phys.
Rev. Lett. 89, 113601 (2002).
[4] A. Gatti, E. Brambilla, M. Bache, and L. A. Lugiato,
Ghost Imaging with Thermal Light: Comparing Entan-
glement and ClassicalCorrelation, Phys. Rev. Lett. 93,
093602 (2004).
[5] J. Cheng and S. Han, Incoherent coincidence imaging and
its applicability in X-ray diffraction,Phys. Rev. Lett. 92,
093903 (2004).
[6] J. H. Shapiro, Computational ghost imaging. Phys. Rev.
A 78, 061802 (2008).
[7] K. W. C. Chan, M. N. O’Sullivan, and R. W. Boyd, High-
order thermal ghost imaging. Opt. Lett. 34, 3343 (2009).
[8] O. Katz, Y. Bromberg, and Y. Silberberg, Compressive
ghost imaging. Appl. Phys. Lett. 95, 131110 (2009).
[9] F. Ferri, D. Magatti, L. A. Lugiato, and A. Gatti, Dif-
ferential ghost imaging. Phys. Rev. Lett. 104, 253603
(2010).
[10] B. Sun, M. P. Edgar, R. Bowman, L. E. Vittert, S. Welsh,
A. Bowman, M. J. Padgett, 3D Computational Imaging
4with Single-Pixel Detectors, Science 340, 844 (2013).
[11] X.-F. Liu, X.-H. Chen, X.-R. Yao, W.-K. Yu, G.-J. Zhai,
and L.-A. Wu, Lensless ghost imaging with sunlight, Opt.
Lett. 39, 2314 (2014).
[12] D. Pelliccia, A. Rack, M. Scheel, V. Cantelli, and D.
M. Paganin, Experimental X-Ray Ghost Imaging, Phys.
Rev. Lett. 117, 113902 (2016).
[13] S. Li, F. Cropp, K. Kabra, T. J. Lane, G. Wetzstein,
P. Musumeci, and D. Ratner, Electron Ghost Imaging,
Phys. Rev. Lett. 121, 114801 (2018).
[14] Y. J. Cai and S. Y. Zhu, Ghost interference with partially
coherent radiation, Opt. Lett. 29, 2716 (2004).
[15] Y. H. Zhai, X. H. Chen, D. Zhang, and L. A. Wu, Two-
photon interference with true thermal light, Phys. Rev.
A 72, 043805 (2005).
[16] F. Ferri, D. Magatti, A. Gatti, M. Bache, E. Bram-
billa, and L. A. Lugiato, High-Resolution Ghost Image
and Ghost Diffraction Experiments with Thermal Light,
Phys. Rev. Lett. 94, 183602 (2005).
[17] Y.-H. Zhai, X.-H. Chen, and L.-A. Wu, Two-photon in-
terference with two independent pseudothermal sources,
Phys. Rev. A 74, 053807 (2006).
[18] D.-Z. Cao, J. Xiong, S.-H. Zhang, L.-F. Lin, L. Gao,
and K. Wang, Enhancing visibility and resolution in Nth-
order intensity correlation of thermal light, Appl. Phys.
lett. 92, 201102 (2008).
[19] D.-Z. Cao, G.-J. Ge, and K. Wang, Two-photon subwave-
length lithography with thermal light, Appl. Phys. Lett.
97, 051105 (2010).
[20] Milena D’Angelo, Maria V. Chekhova, and Yanhua
Shih, Two-Photon Diffraction and Quantum Lithogra-
phy, Phys. Rev. Lett. 87, 013602 (2001).
[21] G. Scarcelli, A. Valencia and Y. Shih, Two-photon in-
terference with thermal light, Europhys. Lett. 68, 618
(2004).
[22] J. Xiong, D. Z. Cao, F. Huang, H. G. Li, X. J. Sun, and
K. Wang, Phys. Rev. Lett. 94, 173601 (2005).
[23] L. A. Wu and K. H. Luo, Two-Photon Imaging with En-
tangled and Thermal Light, AIP Conf. Proc. 1384, 223
(2011).
[24] R. E. Meyers, K. S. Deacon, and Y. H. Shih, Positive-
negative turbulence-free ghost imaging, Appl. Phys. Lett.
100, 131114 (2012).
[25] K. H.Luo, B. Q. Huang, W. M. Zheng, and L. A. Wu,
Nonlocal imaging by conditional averaging of random
reference measurements, Chin. Phys. Lett. 29, 074216
(2012).
[26] M. J. Sun, X. D. He, M. F. Li and L. A. Wu, Thermal
light subwavelength diffraction using positive and neg-
ative correlations, Chin. Opt. Lett. 14, 040301 (2016).
